Introduction
Synovial joints are complex, diverse and anatomically fitted structures that are of obvious and crucial importance for body function and quality of life (Archer et al., 1999; Mow and Sugalski, 2001) . Articular cartilage in particular has received a great deal of attention owing to its essential role in joint movement, but also its disease susceptibility and poor repair capacity (Caldwell and Wang, 2015; Huey et al., 2012; Johnstone et al., 2013) . In adults, the tissue displays a zonal organization and an abundant and unique extracellular matrix (Hunziker et al., 2007) . The superficial zone consists of flat tightly-bound cells that sustain frictionless joint motion by producing hyaluronan and Prg4/ lubricin (Jay et al., 2001) . The intermediate zone is made of oval chondrocytes oriented randomly and separated by appreciable matrix.
The deep zone is thick and made of large, round chondrocytes aligned in vertical columns perpendicular to the articular surface and separated by abundant inter-columnar resilient matrix. These structural and organizational features are needed for articular cartilage function (Hunziker et al., 2007; Mow et al., 1992) , but it remains unclear how the tissue acquires and maintains them normally (Decker et al., 2014b) . It is also not fully clear from where joint progenitors originate and how they bring about tissue formation, growth and morphogenesis.
In newborn mouse knees, the entire prospective articular cartilage is a thin and dense tissue consisting of 6-8 layers of small, randomlyoriented Proteoglycan 4 (Prg4) and Tenascin-C (TnC) expressing cells with scant matrix (Iwamoto et al., 2007; Rhee et al., 2005) . It is only over postnatal life that the tissue grows in thickness and acquires its distinct zonal organization and cell columnar arrangement (Gannon http://dx.doi.org/10.1016 (Gannon http://dx.doi.org/10. /j.ydbio.2017 Received 5 December 2016; Received in revised form 13 April 2017; Accepted 17 April 2017 April et al., 2015 Julkunen et al., 2009) , while the total number of cell layers remains about the same. How this transition occurs is a question that has vexed researchers for years. The discovery of cells with a progenitor character in the superficial zone of adult articular cartilage was received with a great deal of interest, particularly as a possible tool to enhance tissue repair (Dowthwaite et al., 2003; Williams et al., 2010) . It also led to the suggestion that similar progenitors would be present in neonatal articular tissue and form articular cartilage by a mechanism of apposition, in which the progenitors would proliferate and produce vertical columns of daughter cells encompassing the full thickness of mature cartilage (Dowthwaite et al., 2003; Hunziker et al., 2007) . This model was further examined in recent cell lineage studies using knockin (heterozygous null) Prg4
GFPCreERt2 mice (Kozhemyakina et al., 2015) . Following tamoxifen injection at E17.5, Prg4
GFPCreERt2 /R26-LacZ-positive (Prg4+) cells were found to form a single surface layer in incipient articular tissue at P0, become more numerous over time and then produce full-thickness columns of articular chondrocytes by 6-8 weeks of age. Though plausible, this model leaves several questions unanswered, including why only the most superficial cells would have this function, why cells would adopt different volumes in different zones over time, and how the cells would become oriented along specific axes. Given the importance of these questions, we reexamined them using new transgenic Prg4
CreERT2 (Prg4-CE), Dkk3
CreERT2 (Dkk3-CE) and Gdf5 CreERT2 (Gdf5-CE) mice, in addition to Gdf5Cre mice we originally used to identify the mesenchymal interzone as the initial birth site of embryonic limb joint progenitors (Koyama et al., 2008) . Our data do not wholly sustain a model of appositional growth. Rather, we find that articular cartilage growth and thickening mainly rely on formation of non-daughter cell stacks and cell rearrangement, with limited contribution by cell proliferation and a major role played by zone-specific cell volume increases. We also find that embryonicallyor adult-generated CD44+/P75+ progenitors cells with Prg4 lineage character in synovium appear to be exquisitely sensitive to acute cartilage injury.
Materials and methods

Mouse strains
Commercial strains from Jackson Laboratory were: Gt(ROSA) 26Sor tm9 (CAG-tdTomato) ;
Gt(ROSA)26Sor
tm6 ;
R26R-Confetti
Gt(ROSA)26Sor tm1(CAG-Brainbow2.1)Cle ; Prg4 GFPCreERt2 ;
Gt(ROSA)26Sor tm4(ACTB-tdTomato,-EGFP)Luo
; and Gt(ROSA)26Sor tm1Sor .
Gdf5Cre and Prg4mCherry mice were described previously (Decker et al., 2014a; Koyama et al., 2008) . Animal experiments were approved by the IACUC at our respective Institutions. The various sets of data described in the present study were gathered and verified in a minimum of six independent experiments.
2.2. Generation of BAC transgenic Dkk3-CE, Gdf5-CE and Prg4-CE inducible Cre mice 2.2.1. DNA constructs Murine BAC clones RP23-55N5, RP23-158D24, and RP24-400O24 containing the genes for Prg4, Dkk3, and, Gdf5 respectively were obtained from the Children's Hospital Oakland Research Institute (CHORI). pLD53.SC2-EGFP and PSV1.RecA vectors were kindly provided by Gong et al. (2010) . pCAG-CreERT2 was obtained from Addgene (gift from Dr. Connie Cepko, plasmid #14797).
Assembly of pLD53.SC2-CreERT2
Using pCAG-CreERT2 as a template, CreERT2 was PCR amplified using Phusion DNA polymerase (Finnzyme) and cloned into the pLD53.SC2 after double digestion with Not1 and Sac1 restriction endonucleases. During this cloning procedure, the multiple cloning site was modified to contain Not1, Swa1, BsiW1, and Mlu1 upstream of a Kozak sequence and translational start site using the oligonucleotide sequences, Forward 5′-TCACGCGGCCGCATTTAACGTACGACGCGTT GAGCCGCCACCATGTCCAATTTACTGACC-3′ and Reverse 5′-CACTGA GCTCTATCAAGC TGTGGCAGGGAAACCCTCTGCCT-3′ for PCR amplification.
Cloning of homology arms into pLD53.SC2-CreERT2
Homology arms for Prg4, Dkk3, and Gdf5 were synthesized by high-fidelity PCR, gel purified and restriction digested. For Prg4, a 625 bp region of homology one nucleotide upstream of the translational start site was amplified from RP23-55N5 using oligonucleotide sequences Forward 5′-CTCTGGGCCCGCTATATAAGACTTCCAGCACA CTGGAGA-3 and Reverse 5′-CTCTACGCGTGTTCTCGGATGCAACGCC CTTGCTTGAGA-3′ containing PspOMI and Mlu1 restriction endonuclease sites. For Dkk3, a 564 bp region of homology immediately upstream of the translational start site was amplified from RP23-158D24 using oligonucleotide sequences Forward 5′-CTCTGCGGC CGCATCGCGATGGGAGGAGGATG-3′ and Reverse 5′-CTCTACGCG TGTTTGTTCCGCGCTGGCCGCCGCCTGTG-3′ containing Not1 and Mlu1 restriction endonuclease sites. For Gdf5, a 215 bp region of homology one nucleotide upstream of the translational start site was amplified from RP24-400O24 using oligonucleotide sequences Forward 5′-CTCTGGCGCGCCGTCTGGACACGGGAGCACTTCCACT-3′ and Reverse 5′-CTCTACGCGTCTCTGGCCAGCCGCTGAATGACACC AC-3′ containing Asc1 and Mlu1 restriction endonuclease sites. Using standard cloning methods, homology arms for Prg4 and Dkk3 were cloned into pLD53.SC2-CreERT2 after its digestion with Not1 and Mlu1, while the homology arm for GDF5 was cloned into the Mlu1 and Asc1 sites of pLD53.SC2-CreERT2.
Bacterial recombination to introduce CreERT2 into desired BAC clones
Recombinase A was introduced into host bacteria containing RP23-55N5, RP23-158D24, and RP24-400O24 by transformation with pSV1.RecA vector (100 ng) and selected for on chloramphenicol (12.5 μg/ml)+tetracycline (10 μg/ml) LB agar plates. Bacteria containing RecA were then transformed by electroporation with 1 μg (1-2 μl) of the pLD53.SC2-CreERT2 containing the appropriate homology arm for the specific BAC clone. SOC medium (1 ml) was added and transformed bacteria were incubated with shaking at 200 rpm for one hour at 30°C. Recombinants were first selected for by adding 5 ml of LB medium containing chloramphenicol (12.5 μg/ml), ampicillin (50 μg/ml), and tetracycline (10 μg/ml) to bacteria and grown overnight at 30°C with shaking at 200 rpm. Further selection for recombinant clones was carried out by plating 100 μl of overnight culture onto chloramphenicol (12.5 μg/ml)+ampicillin (50 μg/ml) LB agar plates and incubated overnight at 42°C. Chloramphenicol and ampicillin resistant colonies were screened by colony PCR using primers flanking the 5′ end of the homology arm: recomPrg4 Forward 5′-GG ACTAATTGGTTCATCCCAGTCCA-3′, recomDkk3 Forward 5′-GG TGGTCATCGTCGTGGAGATAG-3′ and recomGdf5 Forward 5′-TTTCAGCTGCTGACTGGAGACG-3′ and all combined with the primer recomCreERT2 Reverse 5′-CTGGCCCAAATGTTGCTGGATAGTTT TTACT-3′. Colony PCR identified candidate recombinants, which were further verified by diagnostic restriction enzyme digestion and field inversion gel electrophoresis.
BAC purification and pronuclear injection
BAC constructs were purified from 100-ml cultures using a Maxi Kit (Qiagen) with minor modifications. During alkaline lysis, 2 M potassium acetate was used in place of a 3 M solution. Additionally, after elution with QF buffer, two phenol/chloroform extractions followed by one chloroform extraction were carried out to further clean up the BAC DNA. BAC DNA (12 μg) was then linearized with Not1-HF restriction endonuclease (NEB) for 4-5 h and loaded onto a CL-4B Sepharose (Sigma) column pre-equilibrated with injection buffer (10 mM Tris, pH7.5, 0.1 mM EDTA, 100 mM NaCl). Forty 250 μl fractions were collected from the column and DNA concentrations were measured with a Nanodrop Spectrophotometer (Thermo-Scientific). Thirty microliters of alternating fractions were also run on a field inversion gel to assess the DNA quality. Separated modified BAC fragments were chosen for pronuclear injection, which was carried out within a day at the UCONN Health Center Gene Targeting and Transgenic Facility. PCR genotyping for Cre recombinase was used to identify transgenic animals using the following oligonucleotide sequences: forward 5′-GCACTTAGCCTGGGGGTAACTA-3′ and reverse 5′-GTCATCCTTAG CGCCGTAAATC-3′.
Tamoxifen administration
For timed pregnancy experiments, female Cre mice were mated to homozygous male reporter mice overnight and separated in the morning. Noon on the day of separation was considered E0.5. Pregnant Gdf5-CE and Prg4-CE/R26-Confetti mice received intraperitoneal injections of hydroxytamoxifen (Sigma H7904) suspended at 10 mg/ml in corn oil (MP Biomedical 901414) at a dose of 0.075 mg/ gr. All other mouse strains received tamoxifen (Sigma T5648) suspended at 10 or 20 mg/ml in corn oil at a dose of 0.075 mg/gr, with the exception of pregnant Prg4
GFPCreERt2 mice which were administered a single 4 mg injection at E17.5 as previously described (Kozhemyakina et al., 2015) . Expression patterns of R26-tdTomato or R26-zsGreen reflected mRNA expression patterns at the time of injection in Dkk3-CE ( Supplementary Fig. 2 ), Gdf5-CE (Fig. 4A, Supplementary Fig. 3 ) and Prg4-CE ( Supplementary Fig. 1A-B ). There was no evidence of ROSA reporter expression in absence of tamoxifen administration in any of the mouse lines studied (data not shown). Notably, efficiency of R26-reporter expression within joint tissues was variable. Using the same Gdf5Cre line crossed with various R26-reporter lines, we found robust cell labeling in R26-tdTomato, R26-zsGreen and R26-LacZ lines ( Supplementary Fig. 6A -C, F), and more limited labeling when crossed with R26-mTmG or R26-Confetti lines (Supplementary Fig. 6D -E,G).
Reporter allele was invariably heterozygous in all mice used.
Tissue processing
Tissue samples were fixed overnight at RT in 4% paraformaldehyde before dehydration and paraffin embedding (Decker et al., 2014a; Koyama et al., 2008) . Postnatal samples were decalcified in 10% ETDA for 7-14 days before embedding. For frozen sections, samples were fixed overnight at 4°C in 2% paraformaldehyde before progressive cryopreservation in 10, then 20% sucrose until no longer buoyant. Embryonic and P0 samples were embedded in OCT compound (Sakura Tissue-Tek4513), frozen and sectioned at 12 µm. Postnatal samples were decalcified as above, or embedded directly in OCT and sectioned on cryofilm (type IIC, Section-Lab) (Kawamoto and Kawamoto, 2014) . Sections were mounted on glass slides and cover-slipped with Vectashield mounting medium containing DAPI (Vector Labs H1400).
Imaging and 3D reconstruction
Bright and dark-field images were taken with a SPOT insight camera (Diagnostic Instruments, Inc.) operated with SPOT 5.1 software. Dark-field images were pseudo colored using Photoshop (V CS5.1, Adobe) and overlaid onto bright field images of the same sample. A Leica TCS LSI confocal microscope with accompanying software was used for imaging of fluorescently labeled frozen tissue sections. For imaging of whole mount samples, knees were disarticulated to expose the surface of the tibia. Samples were partially embedded in 1% agarose, leaving the tibial surface exposed, and immersed in PBS. An upright laser scanning confocal microscope with 2-photon capability (SP5, Leica) was used to obtain 1 µm section images throughout the depth of articular cartilage. 3-D reconstructions of stacked images were created using Volocity software (V6.3, PerkinElmer). Stacked composites were also used to determine total chondrocyte cell volume in situ with the use of Imaris software (V. 8.1.2; Bitplane, Zurich, Switzerland).
EdU and TUNEL assays
EdU (Life Technology A1004) was administered intraperitoneally once or 10 times over 10 consecutive days at 50 or 100 mg/kg body weight as indicated. Knee samples were processed for serial sectioning as described above, and the Click-iT EdU AlexaFluor imaging kit reaction (Invitrogen C10337) was used according to manufacturer's protocol. An in situ cell detection kit (Roche 11684817910) was used to detect cell apoptosis.
X-gal staining
Immediately after collection, tissue samples used for X-gal staining were placed in tissue fixative (BG5C; Millipore) on ice for 20 min. Staining was performed on frozen sections or intact limbs using X-gal substrate (BG3G; Millipore) according to standard procedures. After staining of intact limbs, limbs were processed for OCT embedding and cryo-sectioning.
Immunohistochemical staining
Immunohistochemistry was completed on 12 µm frozen sections prepared as above. Antigen retrieval was performed by placing slides in 1% SDS for 5 min. Slides were treated for endogenous peroxidase activity by incubating in 3% H 2 O 2 for 10 min. Blocking was performed in 1% goat serum. The following primary antibodies were used: Ki67 (Abcam ab16667, 1:50), CD44 (Santa Cruz sc-18849, 1:100) and P75 (Abcam ab71822, 1:100). After overnight incubation at 4°C, slides were washed in TBS and incubated with species-appropriate biotinylated secondary antibody (1:200) at room temperature for 1 h. Finally slides were incubated for 1 h with Streptavidin Alexa 647 (Molecular Probes S21374, 1:200) and mounted with DAPI containing medium.
In situ hybridization
In situ hybridization was carried out as described (Koyama et al., 2008) overnight in 4% paraformaldehyde before dehydration and paraffin embedding. Sections were treated for 15 min with a freshly prepared solution of 0.25% acetic anhydride in triethanolamine buffer and were hybridized with antisense or sense 35 S-labeled riboprobes (approximately 1×10 6 DPM/section) at 50°C for 16 h. cDNA clones used as templates included: ColX (nt. 1302-1816; NM009925); Gdf5 (1321-1871; NM_008109); Prg4 (41-2646; AB034730); and Dkk3 (2500-3000; XM_006508014).
RNA isolation and RT-PCR
Articular cartilage was harvested from the tibia at P0 by blunt dissection under a stereomicroscope. Tissue was disrupted using microcentrifuge grinder pestles (Bel-Art Products, Wayne, NJ). Total RNA was extracted using the RNeasy Micro Kit protocol (Qiagen). RNA samples were reverse transcribed using the Quantiscript Reverse transcription system (Qiagen) according to manufacturer's protocol. The following primer sets were designed to span mouse Prg4 exons 1-5: 5′-TACTTCCCGTCTGCTTGTCG-3′ and 5′ATTATCCAGCCCGCTT CCAG-3′.
R.S. Decker et al. Developmental Biology 426 (2017) 56-68 2.11. Cartilage injury model
Focal osteochondral defects were created in trochlear groove of 8-12 week-old mice using mice using custom tools (Fitzgerald et al., 2008) . At least 6 animals were evaluated for each experimental group. Mice were anesthetized using 1-2% isoflurane. Knee joint was exposed via a small medial para-patella skin incision, joint capsule was opened, and the patella was luxated to expose the trochlear groove and create the defect. Mice were cared for using required post-operation treatment and procedures and were weight-bearing within 2 h after surgery.
Results
Stacks of non-daughter cells form during postnatal articular cartilage growth
If most superficial Prg4+ lineage progenitors drive postnatal articular cartilage growth by columnar apposition of daughter cells as proposed by others, this mechanism should be readily verified using R26-Confetti reporter mice in which individual cells are traced by random and persistent acquisition of one of four color reporters (GFP, YFP, RFP and CFP), thereby permitting simultaneous tracking of R.S. Decker et al. Developmental Biology 426 (2017) 56-68 distinct cell progenies and their developmental roles (Snippert et al., 2010) . Thus, we mated R26-Confetti mice with our transgenic Prg4-CE mice, injected pregnant mothers with tamoxifen at E17.5 and monitored limb joints in their pups over time. We focused on medial tibia articular cartilage that displays the complex and multi-zone organization seen in larger mammals including humans and where the joint is exposed to main loads (Rhee et al., 2005) . Rather than being restricted to a single superficial layer at P0 (Kozhemyakina et al., 2015) , Prg4-CE/R26-Confetti+ cells (including Prg4-expressing cells and their lineage progeny, collectively defined as Prg4-CE+) were scattered throughout the entire 6-8 cell layers of incipient medial articular cartilage (Fig. 1A-B) , very much in line with the fact that all those cells R.S. Decker et al. Developmental Biology 426 (2017) 56-68 contain Prg4 transcripts at both E17.5 and P0 (Koyama et al., 2008; Rhee et al., 2005 ) (see Fig. S1A ). The same was seen after injection at E17.5 and collection at P0 in: Prg4-CE/R26-tdTomato (Fig. S1B) ; Dkk3-CE/R26-zsGreen mice, with Dkk3 being another early joint cell marker (Witte et al., 2009) (Fig. 4O below; Fig. S2 ); and knock-in Prg4 GFPCreERt2 used previously (Kozhemyakina et al., 2015) and obtained commercially ( Fig. S1D-E) . With increasing postnatal time, the Prg4-CE+ cells produced small and locally-restricted clusters of same-color daughter cells averaging 3-6 cells each ( Fig. 1C -E, arrowheads), indicating that their proliferation was low as was their mobility (see Figs. 3 and S4 below for direct proliferation analyses). While there was some evidence of vertical and horizontal cluster expansion, uniquely colored clusters did not usually form full-thickness columns of same-color daughter cells in mature tissue at 1.5-2 months of age (Fig. 1E, arrowheads) . This was even more apparent by computerassisted 3D reconstruction in which individual cell groups could be R.S. Decker et al. Developmental Biology 426 (2017) 56-68 evaluated in their overall spatial arrangement and conformation (Movie 1). Together, the data raised the novel possibility that chondrocyte columns formed through a mechanism of rearrangement and realignment of neighboring cells and groups.
Supplementary material related to this article can be found online at doi:10.1016/j.ydbio.2017.04.006.
To verify and extend the data, we mated R26-Confetti mice with Gdf5Cre mice to genetically trace joint progenitors from an earlier embryonic stage and in greater numbers. At P0, many Gdf5Cre+ cells expressing different reporters were present throughout the prospective tibial articular layers (Fig. 1F-G) . At 2 months, same-color cell clusters were small and oriented perpendicular (Fig. 1H, red arrow) and parallel (Fig. 1I, yellow arrow) to articular surface. As above, the chondrocyte columns present at this age were composed of cells expressing different reporters in a mosaic pattern (Fig. 1H-K) . 3D analysis and reconstruction revealed that rather than being fully aligned with each other in vertical columns, the cells formed "stacks" of partially overlapping cells, providing further support for the idea above that rearrangement of neighboring cells subtends growth and thickening of mature cartilage (Movie 2).
Gdf5 is expressed at early embryonic days -though minimally by E18.5 (Fig. S3 )-and it is thus possible that sequential Cre-mediated recombination could have occurred within single early cells, complicating our analyses and conclusions. As pointed out by the creators of the Confetti line (Snippert et al., 2010) , sequential recombination is a rare event and we very rarely observed double-labeled cells (Fig. 1J,  arrowhead) . To verify our data however, we examined conditional ROSA-CE/R26-Confetti mice injected with tamoxifen at E17.5. Similar mosaic labeling patterns were seen in both the articular layers at P0 (Fig. 1L ) and the chondrocyte stacks at 2 months (Fig. 1M-N) . Absence of same reporter daughter cell columns was not due to technical limitations of the R26-Confetti line, since stereotypic columns of fully overlapping and same reporter-expressing chondrocytes -each generated by a single progenitor from the reserve zone-were present in tibial growth plates of ROSA-CE/R26-Confetti mice injected once with tamoxifen (Fig. 1O, arrowheads) . It is important to note that the absence of same reporter daughter cells spanning the entire articular cartilage thickness in adult mouse tibia was also reported in a just published study (Li et al., 2016) , at variance with the data reported previously (Kozhemyakina et al., 2015) but in line with our data here.
Cell volume is a major driver of postnatal articular growth
To further clarify mechanisms by which tibial articular cartilage achieves its mature thickness, we quantitatively assessed its cellular organization through postnatal life. As expected, incipient medial articular tissue in P0 tibia was thin and highly cellular ( Fig. 2A-B , bracket) and was distinguished by Prg4 and TnC expression (Fig. 2C,  E) and lack of Matrillin-1 (Matn-1) expression (Fig. 2D) (Hyde et al., 2007) . By P14, articular cartilage had increased in thickness and its boundary with underlying secondary ossification center was delineated by Matn1 and Collagen X (Col X) expression (Fig. 2I-J) . It was between P14 and P28 that the tissue underwent a remarkable increase in thickness (Fig. 2F, K) quantified by image analysis (Fig. 2R, blue line) , but proliferation of superficial and deeper cells at either stage as revealed by Ki67 staining was minimal compared to P0 (Fig. 3A-C) . By P28 and more so by 2 months, the tissue acquired its mature zonal architecture in which: the superficial Prg4-expressing zone was about 10 µm thick and formed 6-8% of total cartilage thickness; the intermediate zone, consisting of frequently paired chondrocytes at an angled orientation to the surface, was about 15 µm thick; and the deep zone -with its typical large round chondrocytes in vertical stacks-was about 90 µm thick ( Fig. 2K-P) . A characteristic "tidemark" delineated the boundary between deep zone and calcified zone (Fig. 2K, O, arrowhead). Second harmonic generation with 2-photon microscopy showed that cell rearrangement and stack formation over time were accompanied by changes in distribution of collagen fibrils that went from being isotropic and scattered at P14 (Fig. 2G) to being anisotropic and aligned along the stacks by P28-2 months ( Fig. 2L, P) (Hughes et al., 2005) . Quantitative imaging showed that cellularity was maximal in neonatal cartilage with an average of 3-5 cells per 100 µm 2 and decreased to less than half by P14 and thereafter (Fig. 2R, red line) , likely reflecting accumulation of extracellular matrix within the tissue. Reciprocally, the tissue reached its maximal thickness at about P28 (Fig. 2R) . The deep zone constituted the bulk of the tissue from P14 on, and the relative heights of superficial and transitional and calcified zones became stabilized by P28 (Fig. 2Q) . Studies have suggested that articular cartilage grows by a process of cell resorption and neoformation in some species (Hunziker et al., 2007) . However, we detected minimal cell death in articular tissue at P0 or P14, with rare TUNELpositive cells located primarily at the surface (Fig. 3E, F, arrowheads) . TUNEL-positive cells became evident by P28 and more so at 2 months, particularly in the deep zone (Fig. 3G , H, arrowheads). As cell proliferation was low while cell death was higher during the period of substantial growth from P0 to P28 (Fig. 3N ), cell death may have roles in adult tissue consolidation and cell density regulation (Fig. 2Q ). It should be noted that the very low degree of cell proliferation observed at P28 by Ki67 staining (Fig. 3C, D) is in sharp contrast with a high degree of proliferation reported by Kozhemyakina et al. (2015) after 10 consecutive EdU daily injections. To address this apparent discrepancy, we reassessed proliferation using an identical protocol (10 consecutive daily EdU injections) and same EdU dose (50 mg/kg), but still found that cell proliferation was minimal, amounting to about 3% of cells (Fig. S4) . Thus, regardless of whether an endogenous marker (Ki67), an exogenous label (EdU) or cell cluster size (see below) was used as criteria, proliferation of joint cells at P28 was minimal. Because cell density decreased while cell volume increased over time, the data suggested a reciprocal contribution of these parameters to overall tissue growth. To quantify them, we performed multi-photon imaging of intact tibial cartilage from ROSA-CE/R26-Confetti mice injected with tamoxifen once at E13.5, P0, P7 or P14, and determined cell number and volume within same reporter (daughter) cell clusters over time. Analysis at 2 months showed that ROSA-CE+ cells labeled at E13.5 produced the largest clusters, with a maximum of 18 daughter cells (Fig. 3I, M) . Cluster size declined markedly thereafter, and averaged about 3-4 cells after P0 induction and about 1-2 cells with increasing age (Fig. 3J-M) . To quantify cell volume, we used 3D reconstruction of R26-tdTomato reporter-labeled cells within intact proximal tibial articular tissue and measured their volume using Imaris Software. Average cell volume was lowest at P0, as expected of the compact tissue present at that age (Fig. 3O, Q) . While volume of superficial zone cells remained stable (not shown), chondrocyte volume in intermediate and deep zones increased over 3 fold by P14 and P28 and reached a maximum of about 8 fold by 2 months (Fig. 3P, Q) . Interestingly, the maximal diameter of deep zone chondrocytes was about 60% of that of collagen X-expressing hypertrophic chondrocytes in secondary ossification center below articular cartilage (Fig. 2J and Fig. S5A-D) , and was less than 50% of that of typical metaphyseal growth plate hypertrophic chondrocytes. This indicates that chondrocytes can set their volume at distinct levels depending on location and function (Ginzberg et al., 2015; Youn et al., 2006) and can express distinct phenotypes within each articular zone (Jenner et al., 2014) . In sum, while articular cell proliferation had dwindled significantly by P7 and thereafter, cell volumes exhibited a reverse pattern and increased substantially in parallel with tissue thickening from P7 on. The data indicate that while localized proliferation plays a role in early tissue growth, a major mechanism for thickening of articular cartilage over time is provided by cell volume increases and local alignment of nondaughter cells to form stacks perpendicular to the articular surface.
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Developmental Biology 426 (2017) 56-68 5. Gdf5-expressing cells contribute to several jointassociated tissues
Gdf5-expressing cells constitute the initial joint mesenchymal interzone in embryonic limbs and produce diverse joint tissues over time (Koyama et al., 2008) . Our data above indicate that clonal progenies of cells were rather static and did not migrate much from their site of birth, suggesting that their ability to produce distinct and anatomically diverse tissues may reflect local specification and positional information. To assess this thesis, we developed a novel transgenic Gdf5-CE line and used it to trace and track the cells starting at different stages of joint development. Pregnant Gdf5-CE/R26-zsGreen mice were injected with tamoxifen once at E13.5, E15.5 or E17.5, and the resulting Gdf5-CE+ progenies were monitored in their R.S. Decker et al. Developmental Biology 426 (2017) 56-68 pups over time. In the structurally simpler and developmentally younger digit joints, cells labeled at E13.5 were limited to the prospective capsule and synovial lining (Fig. 4A ), and those patterns had not changed much by P28 (Fig. 4B) . Cells labeled at E15.5 or E17.5 were present in both articular layers and capsule by P0 (Fig. 4C , E, yellow arrowhead and red arrow, respectively), and these patterns also did not change significantly with age ( Fig. 4D, F) indicating that the Gdf5-expressing cells contribute to formation of distinct joint tissues over time.
If distinct tissues arise via spatio-temporally restricted mechanisms, the initial Gdf5-expressing interzone cells should diversify over time and express different markers at different locations. Thus, we compared the distribution of constitutive Gdf5Cre/R26-zsGreen cell progenies with those in Dkk3-CE/R26-zsGreen and Prg4-CE/R26-tdTomato mice induced with tamoxifen once at E17.5 or P28. In line with our previous studies (Dyment et al., 2015; Koyama et al., 2008) , Gdf5Cre+ cells within and flanking the joint interzone gave rise to most joint tissues over postnatal time, including articular cartilage and intrajoint ligaments (Fig. 4G-L and Fig. S3 ). Dkk3-CE+ cells induced at E17.5 elicited similar patterns (Fig. 4Q-T) . Interestingly however, R.S. Decker et al. Developmental Biology 426 (2017) 56-68 Prg4-CE+ cells induced at E17.5 were present throughout the entire thickness of articular cartilage at every stage ( Fig. 4M-N) , but were few in number in ligaments such as the anterior and posterior cruciate ligaments ( Fig. 4O -P, arrows) compared to the numerous Gdf5-CE+ and Dkk3-CE+ cells (Fig. 4K, S, arrows) . The differential distribution of Prg4-CE+ cells was even more apparent in frontal sections in which articular cartilage and ligaments were present (Fig. S1C ). When first induced at P28, Prg4-CE+ cells populated the top 2-3 layers of articular cartilage at P31 and 2 months (Fig. 4U, V) , while Dkk3-CE+ cells were scanty and limited only to most superficial layer (Fig. 4Y , Z, arrow), in agreement with previous studies on Dkk3 expression (Lui et al., 2015) . Within ligaments, Prg4-CE+ cells and, to a lesser extent Dkk3-CE+ cells, were now more conspicuous (Fig. 4W-X, Z′-Z′′) . The data indicate that around E17.5 the Gdf5+ cell progeny is routed into articular and ligament fates, with the ligament lineage marked by a Gdf5+/Dkk3+ character plus a Scleraxis+/Sox9+ character (Sugimoto et al., 2013) but scanty Prg4+ character. Waves of Prg4+ cells are likely generated over time in different joint locations and tissues.
Specific joint progenitor cell populations respond to acute articular cartilage injury
The intrinsic repair capacity of articular cartilage is poor, and studies detecting mesenchymal stem cells in adult synovium and articular cartilage provided clues toward future possible, albeit not yet realized therapeutic repair strategies (Johnstone et al., 2013) . Given our data above showing persistence of embryonically-traced cells or their progenies in adult tissues, we asked whether and which of these cells would respond to acute injury (Li et al., 2013) . We created a fullthickness osteochondral defect in femoropatellar groove of 2 monthold mice and monitored the acute injury response, this being an established model (Fig. 5A-B , circled area) (Fitzgerald et al., 2008) . By day 7 after injury, cells filled the defect (Fig. 5C, dashed line) and the synovium was considerably thicker in operated (Fig. 5C-D, asterisk) than mock-operated mice (Fig. 5A) . In about 10% of cases and as seen previously (39), there was evidence of severe synovial metaplasia; interestingly in these cases, synovial tissue was often continuous with cells filling the defect (Fig. 5D, arrowhead) , yet appearing unattached to adjacent uninjured articular cartilage (Fig. 5D, arrow) .
To investigate the acute responses of embryonically-labeled cells to injury, we created focal osteochondral defects in adult Prg4-CE/R26-tdTomato and Dkk3-CE/R26-zsGreen mice injected with tamoxifen once at E17.5. By 7 days, there was a marked increase in both Prg4-CE + and Dkk3-CE+ cells, particularly within the thickened synovium (Fig. 5F , H, asterisks) compared to mock-operated controls (Fig. 5E, G,  asterisks) . Quantification showed that about 70% of synovium cells in operated knees were Prg4-CE+ and about 35% of them were Dkk3-CE+ (Fig. 5L, upper histograms) . Strikingly, cells seemingly entering and filling the injury site were often not only continuous with synovium but largely Prg4-CE+ (Fig. 5F, dashed line) . In all cases evaluated, R.S. Decker et al. Developmental Biology 426 (2017) 56-68 including those with lower synovial hyperplasia and those lacking direct contact, both Prg4-CE+ and Dkk3-CE+ cells were present within the defect site. There were also Prg4-CE-and Dkk3-CE-negative cells in the defect reflecting incomplete labeling efficiency or contribution from other cell sources such as subchondral bone. To evaluate contribution of cell proliferation, EdU was administered once after 6 days from surgery, and labeled cells were examined on day 7. Many Prg4+ cells within both the defect and synovium were co-labeled with EdU ( Fig. 5I -J, green color, arrowheads), but there was little to no incorporation in neighboring articular cells (Fig. 5K-L, arrowhead) , indicating that proliferating Prg4-CE+ cells within synovium -but not adjacent articular cartilage-likely gave rise to cells present within defect site.
The above experiments were repeated in Prg4-CE mice after tamoxifen administration at P28, a stage in which Prg4-CE+ cells were confined to upper articular cartilage layers and synovial lining (Fig. 6A, arrow and arrowhead, respectively) . We observed similar exuberant increases in Prg4-CE+ cells within synovium (Fig. 6C , asterisk) but not cartilage itself (Fig. 6C, arrows) , and similar patterns of apparent cell invasion into the defects (Fig. 6C, dashed line) . Because subchondral bone was not labeled by tamoxifen injection at P28, the invading cells were likely of synovial origin. To verify this finding, we evaluated Gdf5Cre/R26-Confetti mice 7 days after surgery, and saw no obvious migration of same color labeled cells into the defect from adjacent articular cartilage (Fig. S6B, arrows) .
To distinguish cell progeny from newly-emerging cells, we examined defects in 2 month-old Prg4-CE/R26-zsGreen/Prg4mCherry reporter mice injected with tamoxifen at P28 (Decker et al., 2014a) . While numerous Prg4-CE+(green-colored) cells occupied the enlarged synovium (Fig. 6D , asterisk) and defect site (Fig. 6D, dashed line) and few such cells were present in controls (Fig. 6B) , real-time Prg4mCherry expressing (red-colored) cells were largely restricted to synovial lining and articular surface eliciting some degree of coexpression (Fig. 6D, yellow color) . Thus, while cells within the defect site were largely derived from those with a Prg4-CE lineage, Prg4 itself was not actively expressed by day 7 post-surgery.
Recent studies have suggested that specific mesenchymal stem cell (MSC) niches reside within knee joint synovium, including populations of slow-cycling cells expressing CD44 and P75 that are established markers of multipotency (Kurth et al., 2011) . In uninjured knees, Prg4-CE+ synovial lining cells were CD44-positive (Fig. 6E, arrowhead) and those in both lining and sub-synovial tissues were often P75-positive (Fig. 6F, arrowhead) . At day 7 post-surgery, proliferating Prg4-CE+ cells throughout the synovium and defect site displayed strong CD44 and P75 staining (Fig. 6G-J) , thereby indicating that many were mesenchymal in character and synovial in origin.
Discussion
Our data provide new insights into limb synovial joint development, growth and morphogenesis and a better understanding of how articular cartilage attains its unique and stratified organization over postnatal time. Rather than being solely driven by apposition of daughter cells from surface to deep zone to create columns (Kozhemyakina et al., 2015) , our data indicate that articular cartilage mainly relies on changes in cell distribution and volume to create cellular stacks spanning its vertical axis and achieve its functional and mature thickness within the central region of the knee (see model in Fig. 7 ). Because the stacks are not entirely made of daughter cells (see Li et al., 2016 for similar data) and do not contain perfectly aligned cells such as those present in growth plate, they likely develop via lateral rearrangement and realignment of neighboring cells and small groups. This process could be driven by mechanisms such as cell intercalation by convergent extension, which permits tissue growth and elongation with minimal to no proliferation (Tada and Heisenberg, 2012) . A major mechanism regulating cell intercalation is the planar cell polarity (PCP) pathway, and PCP components such as Vangl2 and Ror2 were in fact found to regulate alignment of incipient chondrocytes along the proximo-distal axis in early limb patterning (Gao et al., 2011) . The process could also be promoted by indirect mechanisms such as ) and deep zones; and a tidemark overlaying the calcified (cal.) cartilage and secondary ossification center (soc). Growth in thickness would be driven by limited proliferation at neonatal stages (D) and by cell volume increases at subsequent stages (E-F). The characteristic cell stacks perpendicular to the articular surface would entail repositioning and intercalation of neighboring chondrocytes, producing stacks of non-daughter (and differently labeled) cells. We should note that as this schematic makes it clear, the model focuses on the central region of articular cartilage such as that occurring in the proximal tibia plateau. Additional and diverse mechanisms may be involved in development, thickening and expansion of articular cartilage in the lateral portions of the joints over postnatal life. R.S. Decker et al. Developmental Biology 426 (2017) 56-68 changes in deposition of collagen fibrils that as shown here, go from being isotropic and random to anisotropic and vertically oriented with age, paralleling the formation of cell stacks. There has been a great of interest regarding the proliferative capacity and apoptotic processes occurring during limb joint development (Decker et al., 2014b) . It was originally suggested that joint cavitation at embryonic stages is due to cell death locally occurring along the cavitation boundary (Abu-Hijleh et al., 1997; Kimura and Shiota, 1996) , but subsequent studies did not confirm those findings (Ito and Kida, 2000) . This agrees with our TUNEL staining data showing minimal, if any, cell death at neonatal and juvenile stages. The conspicuous positive TUNEL staining we observe in adults, particularly in the deep articular zones (Fig. 3) , may be due to tissue remodeling and joint structure consolidation, but more work will be needed to assess roles and relevance. With regard to proliferation, our data confirm that there is strong mitotic activity at early stages of joint development (Candela et al., 2014; Li et al., 2016; Ray et al., 2015) , but proliferation then dwindles and decreases markedly by 1-2 months of age, characterizing about 3% of the overall cell population. This is in contrast to the high rates of proliferation previously observed in mouse tibia articular cells at P28 in which about 70% of superficial cells and a significant number of deep zone cells had incorporated EdU (Kozhemyakina et al., 2015) . We do not know what could be the basis of such markedly discordant observations. One possibility is that unlike our mice with a full complement of Prg4 genes, the knock-in Prg4-CreER mice used in that study were heterozygous null for Prg4 and such deficiency may have caused higher joint tissue turnover -and hence higher cell proliferation -because of reduced lubrication and increased friction. We should point out that as the epiphyses of long bones grow and greatly expand laterally over postnatal age, articular cartilage needs to expand laterally as well to continue to fully cover the epiphyseal end of long bones. It is thus possible that additional and actively proliferating progenitors may be recruited from lateral sites to sustain postnatal epiphyseal expansion through adulthood, and preliminary data indicate that cells near or within the groove of Ranvier may be involved in such task (not shown) (Decker et al., 2014b (Decker et al., , 2015 . Thus, cell proliferation and cell death appear to be spatially restricted processes and distinctly characterize the successive stages of joint development, growth and expansion from neonatal to adult stages.
By being the first overt sign of incipient limb joint formation, the mesenchymal interzone has long attracted a great deal of attention (Holder, 1977) . Because it emerges at the site previously occupied by chondrocytes within uninterrupted cartilaginous skeletal anlagen in early limbs, its cells were proposed to descend from de-differentiated chondrocytes (Craig et al., 1987; Nalin et al., 1995) . Such chondrocyteto-interzone cell relationship and lineage continuity were substantiated by genetic tracing of Sox9+ and Dcx+ cell progenies (Soeda et al., 2010; Zhang et al., 2010) . Interestingly however, the quintessential interzone marker Gdf5 is expressed not only by interzone cells anatomically in line with the cartilaginous anlagen, but also mesenchymal cells flanking joint sites (Decker et al., 2015) (Fig. S3) . Thus, the "interzone" may have a dual origin (see model in Fig. 7) , with centrally located cells being direct descendants of chondrocytes and with flanking cells deriving from surrounding mesenchyme as we originally showed by DiI injection in chick embryo limbs and labeled cell distribution over developmental time (Pacifici et al., 2006) . This is in line with data indicating that Tgfbr2+ cells serve as a subset of joint site-associated cells with specific developmental roles and fate (Li et al., 2013) . Unlike the original Gdf5Cre mice that trace the entire interzone (Fig. 4 and Fig. S7 ) (Rountree et al., 2004) , our new Gdf5-CE line is not only inducible but less efficient compared to Gdf5Cre (Fig. 4 and Fig. S3 ), allowing us to trace and track subsets of developing interzoneassociated cells. Our data show that cells labeled by tamoxifen injection at E13.5 are restricted to the outer mesenchymal perimeter of incipient digit joints, remain in those locations over prenatal and postnatal time and participate in formation of local differentiated tissues, including synovial lining and inner capsule. These cells could be part of the flanking cell population recruited into the Gdf5+ lineage. Distinct subpopulations of Gdf5Cre+cells were observed in a recent study in which cells were labeled at successive embryonic times and collected at E18.5 (Shwartz et al., 2016) . The authors proposed that waves of Gdf5-negative, Sox9-positive and Col2a1-negative progenitors migrate into, and give rise to, the interzone, then express Gdf5 and produce joint tissues. Notably and as our data indicate, onset, timing and location of Gdf5 expression may indeed play a key role in lineage divergence and generation of distinct joint tissues. Taken together, the data lead to the tantalizing and important conclusion that while interzone cells share a Gdf5+ character, they have or acquire diverse developmental programs and follow local differentiation paths and fates over time, possibly aided by positional cues.
Prg4 is a complex gene whose products include lubricin, superficial zone protein (SZP), megakaryocyte-stimulating factor (MSF) and hemangiopoietin (HAPO) (Jay et al., 2001; Jones and Flannery, 2007) . These products result from alternative splicing and posttranslational modifications and are likely to have distinct function. Because of their mucin-rich domain, lubricin and SPZ are thought to provide boundary lubrication and unhindered joint motion, although this role may primarily be due to phospholipids and hyaluronan interacting with cell surface-bound lubricin (Seror et al., 2015) . Our rtPCR data show that several Prg4 transcripts are expressed in P0 knee joints, with each variant lacking different exon combinations (see Fig.  S1G ). We do not know whether the various Prg4-CE+ populations present in developing, growing and adult joint tissues express different Prg4 variants, whether such expression patterns change over time, and what function each variant could have. What is abundantly clear from our data is that synovium-associated Prg4-CE+ cells traced at E17.5 or P28 are exquisitely sensitive to joint injury and respond massively to it, while neighboring Prg4-CE+ cells within articular cartilage itself appear to be remarkably passive and fail to mobilize, at least within the acute time frame studied here. This is reminiscent of the lack of chondrocyte mobilization observed during axolotl limb repair and regeneration (Currie et al., 2016) . Thus, different Prg4-CE+ populations seem to differ in responsiveness, sensitivity and function, and those in synovium may exert a pioneer function in acute injury response. The synovium has long been recognized as an integral source of cells contributing to cartilage repair (Kurth et al., 2011) , and tools to target synovium-associated Prg4-CE+ cells or inclusion of these cells in bioengineered constructs could offer novel and effective therapies to boost repair and regeneration of joint tissues.
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